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The heavy- and light-chain variable regions from a murine monoclonal antibody that recognize Pseudomonas 
aeruginosa serogroup 06 lipopolysaccharide (LPS) were used to generate a series of chimeric mouse-human 
monoclonal antibodies with identical variable regions. The murine variable-region gene segments were cloned 
into an immunoglobulin (Ig) cDNA expression vector that contained the human kappa light-chain and IgGl 
constant regions. The IgGl heavy-chain constant region was then replaced with the human IgG2, IgG3, IgG4, 
or IgAl heavy-chain constant region. The five different expression vectors were transfected into Chinese 
hamster ovary cells for antibody production. The chimeric antibodies exhibited immunoreactivity and affinity 
similar to that of the parental murine IgG antibody toward whole cells of a serogroup 06 strain. In vitro 
complement deposition assays demonstrated that the chimeric IgG4 and IgA antibodies did not mediate the 
deposition of complement component C3 onto the surface of either purified LPS or whole bacteria. The 
chimeric IgGl and IgG3 antibodies were similar in their ability to deposit C3 onto the surface of both bacteria 
and LPS, while IgG2 antibody was more effective at depositing C3 onto the surface of bacteria than onto 
purified LPS. The pattern of opsonophagocytic activity of the chimeric monoclonal antibodies was similar to 
that of complement deposition onto bacterial cells in that the chimeric IgGl and IgG3 had the highest opsonic 
activity. Although IgG2 deposited more C3 onto the bacterial surface than did IgG4 or IgA, all three of these 
isotypes had low opsonic activity against the serogroup 06 target strain. This series of related antibodies will 
help reveal functional differences in efficacy among protective antibodies to P. aeruginosa and will be critical for 
defining the optimal formulation of either a vaccine for active immunization or a polyclonal intravenous IgG 
or monoclonal antibody cocktail for passive immunotherapy. 



The difficulty of treating acute infections due to Pseudomo- 
nas aeruginosa has been amply documented (11, 12). Despite 
the advent of new antibiotics and therapies for infection, the 
efficacy of anti-pseudomonal therapy has appeared to reach its 
limit with currently available treatments (7, 11, 12). Overall, a 
major need for effective immunotherapeutic reagents to pre- 
vent or treat disease in patients at risk for these infections is 
apparent. Prophylactic or therapeutic immune system effectors 
could greatly reduce the morbidity and mortality from P. 
aeruginosa infection. While active immunization of most pa- 
tients at risk for acute P. aeruginosa infection is unlikely to be 
practical due to the inability to identify these individuals early 
enough to immunize them, passive therapies, involving both 
prophylactic and therapeutic treatment, present a real oppor- 
tunity to intervene in the P. aeruginosa pathogenic process. 

There are still inany unanswered questions about the man- 
ner in which antibody mediates protective immunity against P. 
aeruginosa infections and the potential of antibodies for use as 
prophylactic or therapeutic treatment of these infections. In 
addition to the specificity of the antibody variable regions for 
an appropriate P. aeruginosa epitope, the biologic activities 
associated with the Fc portion of antibodies that are most 
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effective in protecting against P. aeruginosa infections are not 
well defined. The capacity to produce genetically engineered 
antibodies has improved the ability to investigate antibody 
function in vivo and in vitro and to define the antibody isotypes 
that are potentially the most useful for therapy of infections in 
humans. This report describes the construction and character- 
ization of a set of chimeric mouse-human monoclonal antibod- 
ies (MAbs) which have identical variable regions with specific- 
ity for P. aeruginosa serogroup 06 lipopolysaccharide (LPS) 
and which differ in the human heavy-chain constant regions. 
These reagents were used to investigate some of the mecha- 
nisms of antibody-mediated protective immunity against P. 
aeruginosa. 

MATERIALS AND METHODS 
Murine variable-region genes and Ig expression vector. The heavy- and light- 
chain variable regions used in the present studies were derived from MAbs, lEl 
(IgGl) and 2E12 (IgG3), respectively. These MAbs, specific for P. aeruginosa 
serogroup 06 LPS, were both derived by isotype switching a murine IgM MAb, 
IF6, specific to serogroup 06 LPS. MAbs lEl and 2E12 have identical heavy- 
and light-chain variable regions as determined from sequences of clones derived 
from mRNA obtained from these hybridomas (15). These particular heavy- and 
light-chain clones, used as templates for PGR mutagenesis to incorporate re- 
striction sites for cloning into the TCAE 5.3 vector, were chosen at random from 
clones that had no PCR-induced mutations in them. The human Ig expression 
vector TCAE 5.3 has been described previously (17). TCAE 5.3 contains the 
human IgGl heavy-chain and kappa light-chain constant region genes on the 
same plasmid, so that sequential transfections of heavy- and light-chain-contain- 
ing plasmids with different selection markers can be avoided. The vector also has 
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TABLE 1. Primers used in this study 


Designation 


Sequence" 






vy 


Nhe\ 


V lieavy sense 


5'-GAAACGCGTGTCCACTCCCAGGTCCAGCTGCAG-3' 




V Icappa antisense 




V Icappa sense 


Bsim 

5'-GACCACGATGTGATGTTGTGATGACCCAA-3' 






Hu IgG2,3 antisense 


5'-GGACGGATCCTC4TrrACCCGGAGACAGGGAGAG-3' 


Bamm 


Hu IgG4 antisense 


5'-GGACGGATCCrC4TTrACCCAGAGACAGGGAGAG-3' 
BamRl 


Hu IgG2,3,4 sense 


5'-CTGCTAGCCACCAAGGGCCCATCSGTCTTC-3' S=C/G 


Nhel 


Hu IgAl antisense 


5'-CGAGGATCCrC4GTAGCAGGTGCCGTCCAC-3' 


HuIgAl sense 


Bamm 

5'-CTAAGCTAGCCCGACCAGCCCCAAGGTC-3' 


Nhel 



° Restriction sites are in boldface type. Termination codons are in italics. 



two drug resistance markers, neo and dhfr, for selection in mammalian cells, an 
Escherichia coli origin of replication, and an ampicillin resistance marker for 
replication in E. coli. Lastly, the inclusion of the dhfr gene in the vector allows 
amplification of the cloned Ig genes and subsequent high-level antibody produc- 
tion after transfection into CHO DG44 cells (gift of L Chasin, Columbia Uni- 
veisity), which have a deletion of both chromosomal copies of the dhfr gene (17). 
When transfected cells are grown in the presence of methotrexate, the dhfr gene 
and those surrounding it are duplicated on the chromosome, resulting in multiple 
copies of the genes encoding the MAbs. 

Cloning of human IgG2, IgG3, IgG4, and IgAl constant-region cDNAs. Hu- 
man Ig heavy-chain constant-region expression vectors were provided by Sherrie 
Morrison (University of California Los Angeles). Plasmids pAH4618, pAH4802, 
and pAH4801 contained genomic clones of the human IgG2, IgG3, and IgG4 
heavy-chain constant-region genes, respectively, and lacked variable-region 
genes. To obtain cDNA clones of these constant-region genes, the heavy-chain 
variable-region gene segment from the murine hybridoma 9/5)23 was inserted in 
front of the heavy-chain constant regions as described by Coloma et al. (4) to 
allow expression of these constructs in lymphoid cells. These constructs were 
electroporated into murine SP2/0 cells, drug-resistant clones were selected, and 
mRNA was purified from these cells. First-strand cDNA was synthesized with 
oligo(dT) primers and avian myeloblastosis virus reverse transcriptase. The 
heavy-chain constant-region cDNAs were amplified by PGR with primers that 
hybridized to the 3' end of the heavy-chain constant region (Hu IgG2,3 antisense 
and Hu IgG4 antisense [listed in Table 1]) and incorporated a termination codon 
and a BamHl site for cloning into the TCAE 5.3 vector. The 5' primer used for 
all three human IgG constant regions incorporated an Nhel site in the first two 
amino acids of the IgG constant regions (Hu IgG2,3,4 sense [Table 1]). The 
resulting PCR products were ligated into the TA cloning vector pCRII (InVitro- 
gen, San Diego, Calif), and the DNA was transformed into E. coli INVaf 
competent cells for cloning. Plasmid DNA from the resulting colonies was ana- 
lyzed by restriction digestion followed by agarose gel electrophoresis. Plasmids 
carrying inserts of the correct size were sequenced to ensure that no mutations 
occurred during PCR amplification. 

The human IgAl cDNA expression vector for expression in insect cells was 
provided by J. Donald Capra, University of Texas, Southwestern, Dallas, Tex. 
(3). To facilitate cloning into the TCAE 5.3 vector, the IgAl cDNA was amplified 
by PCR with the primer set listed in Table 1, which incorporated a termination 
codon and a BamHI site at the 3' end and an Nhel site in the first 6 bases of the 
5' end of the CHI domain. The PCR products were ligated as described above 
and amplified in E. coli, and plasmids containing the PCR products were se- 
quenced to ensure that no mutations occurred during amplification. 

Construction of the chimeric anti-LPS Ig expression vectors. The cloned 
heavy- and light-chain variable-region cDNAs derived from the hybridomas as 
described above were used as templates for PCR with primers (Table 1) that 
incorporate restriction sites for ligation into the TCAE 5.3 Ig expression vector 
in the correct reading frame. The PCR products were first ligated into pCRII, 
cloned in E. coli, and sequenced again to ensure that no mutations occurred 
during introduction of the new restriction sites. The light- and heavy-chain 
variable-region products were cloned into the Dralll and BsiV/l (kappa light- 
chain) and Mlul and Nhel (gamma 1 heavy-chain) sites of the Ig expression 
vector, respectively. The resulting completed expression vector was named pMPl 
(IgGl)- 

Exchanging the IgGl constant-region gene of pMPl with IgG2, IgG3, IgG4, or 
IgA constant-region genes. pMPl was digested with Nhel and BamHl to remove 



the human gamma 1 constant region. The plasmids containing the other con- q 
stant-region genes were digested with the same enzymes. The products were g 
separated by agarose gel electrophoresis. The band containing the expression § 
vector portion of the pMPl digest was cut from the gel and eluted, as were the g 
bands containing the heavy-chain constant-region genes from the other digests. Q. 
The vector and the IgG2, IgG3, IgG4, and IgA constant-region genes were then §. 
ligated m separate reactions and transformed into E. coli, and the resulting 
plasmids were analyzed by agarose gel electrophoresis to determine that the ^ 
plasmid DNA contained the appropriately sized restriction fragments that dis- 
tinguish the different heavy-chain constant-region genes. 

Transfection of CHO cells for expression of the chimeric antibodies and a> 
selection of antibody-producing clones. Plasmids pMPl (IgGl), pMP2 (IgG2), 3 
pMP3 (IgG3), pMP4 (IgG4), and pMPA (IgAl) were separately introduced mto S 
Chinese hamster ovary (CHO) cells (DG44) by DNA-liposome-mediated trans- ^ 
fection. Briefly, 2 jig of plasmid DNA was mixed with 8 p,l of Lipofectamine ■< 
(Gibco, Gaithersberg, Md.) in a final volume of 1 ml of serum-free medium. The § 
transfection mixture was allowed to incubate for 5 h at 37°C. The cells were q 
washed, fresh medium was added, and the cells were mcubated for 48 h. The cells Q. 
were harvested, resuspended in medium containing G418 (400 p,g/ml; Gibco), g- 
and plated at different dilutions in 96-well plates. Plates on which colonies grew 5 
out in wells at a frequency of <30 positive wells per 96 wells (luniting dilution) ro 
were then selected for evaluation of chimeric-antibody production. Chimeric- - 
antibody production by cells grown under antibiotic selection was measured by o 
enzyme-linked immunosorbent assay (ELISA). Plates (Immulon II; Dynatech, ^ 
Chantilly, Va.) were coated with either 2 \ig of goat anti-human IgG (Fc7 
specific) antibodies/ml or 2 fig of goat anti-human IgA (Fca specific) antibodies/ 
ml, and binding of MAbs in culture supematants was detected with an alkaline 
phosphatase-conjugated goat anti-human kappa-light-chain-specific antibody 
(Sigma Chemical Co., St. Louis, Mo.). Confirmation that individual clones were 
producing IgG isotypes of the desired specificity was obtained by ELISA with 
murine MAbs specific for human IgGl, IgG2, IgG3, or IgG4 as described below. 
From these evaluations, the clones producing the largest amount of antibody 
were selected and replated m 96-well plates in the presence of 5 nM methotrex- 
ate (Sigma) to induce amplification of dhfr and the Ig genes. The highest pro- 
ducmg clones were selected, and the process was repeated with 50 nM and 250 
nM methotrexate. The resuhing clones were then expanded for antibody pro- 
duction, maintaining antibiotic selection in 250 nM methotrexate. 

Purification of chimeric antibodies. Chimeric IgG antibodies were purified 
from tissue culture supematants by protein G affinity chromatography. This 
support binds to all four human IgG subclasses. Chimeric IgA was purified by 
affinity chromatography with solid supports containing the lectin Jacalin. 

Serologic assays. Chimeric-antibody production was assessed by ELISA with 
Immulon II plates coated with 2 (ig of goat anti-human IgG (Fc-y-specific) 
antibodies/ml or 2 ng of goat anti-human IgA (Fca-specific) antibodies/ml and 
detected with an alkaline phosphatase-conjugated goat anti-human kappa-light- 
chain-spectfic antibody. The concentrations of the chimeric MAbs were deter- 
mined by an antigen capture ELISA with purified human IgGlK, IgG2K, IgG3K, 
and IgG4K myeloma proteins and serum IgAK antibodies of known concentra- 
tions as standards (Sigma). 

Direct ELISA was used to confirm the isotype of the chimeric MAbs. Chimeric 
antibodies (2 |i.g/ml) were used to directly sensitize plates after dilution in 0.02 
M phosphate buffer (pH 7.0). Chimeric IgG antibodies were detected with MAbs 
to subclass-specific epitopes (HP6001, anti-IgGl; HP6014, anti-IgG2; HP6058, 
anti-IgG3; and HP6025, anti-IgG4 [Sigma]) followed by alkaline phosphatase- 
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conjugated anti-mouse IgG antibodies. The IgA was detected with an alkaline 
phosphatase-conjugated anti-human IgA antiserum. 

Inhibition and competition ELISAs. Immulon 11 ELISA plates were sensitized 
with purified P. aeruginosa serogroup 06 LPS at 2 |ig/ml in 0.02 M phosphate 
coating buffer (0.02 M phosphate buffer [pH 7.0] containing 0.02% sodium azide) 
by overnight incubation at 4°C. The plates were washed three times in 0.02 M 
sodium phosphate-buffered saline (PBS) with 0.05% Tween 20 (PBS-T). The 
remaining binding sites on the plates were blocked by incubation with PBS with 
1% bovine serum albumin by overnight incubation at 4°C. Chimeric antibodies 
(500 ng/ml) were mixed 1:1 with twice the indicated amounts of LPS for a final 
antibody concentration of 250 ng/ml and added to the plates. The plates were 
incubated for 2 h at room temperature. Bound antibody was detected with an 
alkaUne phosphatase-conjugated goat anti-human IgG (Fcv-specific) antibody. 
Similarly, ELISA plates were sensitized by overnight incubation at 4°C with 
serogroup 06 bacteria that were suspended after overnight growth on a Ttypti- 
case soy agar plate (BBL, Cockeysville, Md.) in phosphate coating buffer to an 
optical density (OD) of 0.1 at 650 nm. The plates were washed and blocked as 
described above for purified LPS. For the competition ELISA, bacteria were 
suspended in sterile 1% proteose peptone to an OD of 1.8 at 650 nm and diluted 
as indicated in antibody dilution buffer (PBS-T with 1% bovine serum albumin 
and 0.02% sodium azide). The original suspension was diluted and plated to 
determine the actual number of viable bacteria. The diluted bacteria were mixed 
1:1 with the chimeric antibodies (final concentration, 250 ng/ml) and incubated 
overnight. The bacteria and bound antibody were removed by centrifugation, the 
supernatant was added to the ELISA plates, and the assay proceeded as de- 
scribed above. 

Complement deposition ELISA. Immulon II ELISA plates were sensitized 
with purified P. aeruginosa serogroup 06 LPS at a concentration of 10 |ig/ml in 
0.02 M phosphate coating buffer (pH 7.0). A second set of ELISA plates were 
coated with whole serogroup 06 bacteria in phosphate coating buffer. The 
bacteria were swabbed from an overnight Trypticase soy agar plate and sus- 
pended in coating buffer to an OD at 650 nm of 1.0, and this suspension was 
diluted 1:10 in phosphate coating buffer before being added to the plates. The 
chimeric antibodies were added to the plates at the indicated concentration and 
incubated for 1 h. Normal human serum was used as the complement source. The 
human serum was diluted 1:50 in RPMI 1640 medium and absorbed with lyoph- 
ilized serogroup 06 bacteria at 1 mg/ml to remove endogenous antibodies before 
being added to the antibody-sensitized wells. After 15 min of incubation, the 
plates were washed and polyclonal rabbit anti-human C3 antiserum was added at 
a final dilution of 1:500. The rabbit antibodies to C3 were raised to affinity- 
purified human C3 as described previously (13). The rabbit antibodies bound to 
C3 were detected with an alkaline phosphatase-conjugated goat anti-rabbit IgG 
diluted 1:2,000. The OD405 was measured after incubation for 45 min at room 

Opsonophagocytic killing assay. The ability of the chimeric MAbs to mediate 
opsonophagocytic killing was determined as previously described (2), except that 
all reagents were diluted to their final concentration in RPMI 1640 medium with 
10% heat-inactivated fetal bovine serum. Fresh human serum was used as a 
complement source at a final dilution of 1:10 after absorption for 30 min on ice 
with the test organism to remove the preexisting P. aeruginosa-specific antibod- 
ies. Opsonophagocytic killing assay was performed by mixing 100 \il of bacteria 
at 2 X 10' bacteria/ml, 100 |jil of the different dilutions of MAb, 100 ixl of purified 
fresh human polymorphonuclear leukocytes (PMNs) at 2 x 10' cells/ml as a 
source of phagocytic cells, and 100 |j,l of absorbed serum as a complement 
source. Duplicate tubes were used for each assay condition. Control tubes were 
included in each assay in which PMNs were omitted and replaced by media as 
described previously (15). The parental murine IgG2b MAb (2H3) and a chi- 
meric, mucoid exopolysaccharide-speciflc antibody derived from 9/5)23 hybrid- 
oma (14) were used as positive and negative controls, respectively. Duplicate 
reaction mixtures were then incubated on a rotorack for 60 min at 37°C. Aliquots 
were removed from each tube, serially diluted in sterile 1% proteose peptone 
solution, and plated in quadruplicate on MacConkey agar plates. The plates were 
incubated overnight, and the colonies were counted. The percent reduction in 
CFU relative to that in assay tubes without added PMNs was calculated as 
follows: [(CFU surviving in the absence of PMNs - CFU surviving in samples 
with PMNs)/CFU surviving in absence of PMNs] X 100. 

Statistical analysis. The concentration of LPS or bacteria that reduced anti- 
body binding by 50% (Inhso) in either the inhibition or the competition ELISA, 
along with associated confidence intervals (CI), was calculated by simple regres- 
sion analysis. The confidence intervals were determined to be equivalent to /" s 
0.05 by using the Bonferroni correction for multiple comparisons. Calculations 
were carried out with Statview vl.02 software (Abacus, Berkeley, Calif.) on a 



RESULTS 

Construction and expression of the cliimeric anti-LPS an- 
tibodies. The heavy- and light-chain variable regions used to 
construct the chimeric antibodies were cloned from murine 
hybridoma cell lines lEl (IgGl) and 2E12 (IgG3), respectively 



(15). These cell lines, derived by isotype switching of a murine 
IgM MAb, have identical variable regions specific forF. aerugi- 
nosa serogroup 06 LPS and have been described previously 
(15). ELISA analysis with MAbs specific for each of the human 
IgG subclasses or human IgA-specific antiserum demonstrated 
that the chimeric antibodies expressed the appropriate heavy- 
chain constant-region immunoreactivity (data not shown). Be- 
cause the CHO cells producing the antibody do not synthesize 
the J chain component of IgM and IgA, the chimeric IgA 
molecules are monomeric. Sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis analysis of the affinity-purified chi- 
meric antibodies revealed bands of the appropriate sizes as 
deduced from the cDNA sequence for the chimeric kappa and 
heavy chains (data not shown). 

Immunoreactivity of the chimeric antibodies. Binding activ- 
ity of the chimeric antibodies was assessed by ELISA on plates 
coated with serogroup 06 bacteria or purified LPS. Negative 
controls included wells coated with either serogroup 05 bac- 
teria or purified serogroup 05 LPS. The chimeric antibodies 
exhibited ELISA reactivity with purified P. aeruginosa sero- 
group 06 whole bacteria that was similar to that previously 
reported for the parental murine IgG MAbs (Fig. 1) (15). To 
evaluate whether the genetic manipulations involved in creat- 
ing the chimeric antibodies altered the affinity of the variable §> 
regions for antigen, inhibition ELISAs were done with purified | 
serogroup 06 LPS as the competitive inhibitor of antibody to 0 
serogroup 06 LPS bound to the plates. There was no alter- g- 
ation in the relative affinity of the chimeric IgG antibodies as 2; 
judged by the similar Inhjo of LPS for the chimeric IgG anti- | 
bodies and one of the parental murine IgG MAbs (2H3). The -. 
Inhjo for the parental murine IgG was 143 ng/ml (95% CI ^• 
corrected for multiple comparisons = 45 to 450 ng/ml). The | 
Inhjo for the chimeric IgG antibodies were as follows: human b 
IgGl, 171 ng/ml; IgG2, 149 ng/ml; IgGS, 167 ng/ml; IgG4, 337 <§. 
ng/ml; and IgA, 272 ng/ml. These values were all within the 
95% CI of the parental murine IgG MAb and thus were not = 
significantly different from the murine antibody. When the § 
relative affinities of the chimeric IgG and IgA antibodies were ^ 
measured against whole bacteria, there were also no significant ^ 
differences from the parental murine IgG. The InhjQ for the w 
bacterial competition ELISA were as follows: murine IgG2b, g 
1 X 10'' CFU (95% CI corrected for multiple comparisons = g 
1.5 X 10* to 6.6 X W CFU); human IgGl, 5.0 X 10* CFU; 
IgG2, 4.8 X 10* CFU; IgG3, 2.7 X 10^ CFU; IgG4, 4.3 X 10^ 
and IgA, 2.2 X 10^ CFU. 

Complement deposition. The ability of the chimeric antibod- 
ies to activate complement and deposit C3 onto the bacterial 
surface or onto purified LPS was measured. The chimeric IgGl 
and IgG3 were similar in their ability to deposit C3 onto the 
surface of both bacteria and LPS, while the IgG2 antibody was 
somewhat less effective at depositing C3 onto the surface of 
bacteria and considerably less effective when assayed on puri- 
fied LPS (Fig. 2). The chimeric IgG4 and IgA antibodies did 
not mediate the deposition of C3 onto the surface of either 
purified LPS or whole bacteria (Fig. 2). 

Opsonophagocytic killing. The ability of each MAb prepa- 
ration to mediate in vitro opsonophagocytic killing of sero- 
group 06 bacteria in the presence of PMNs and complement 
is shown in Fig. 3. The chimeric IgGl and IgG3 MAbs medi- 
ated a high level of killing at both antibody doses tested (10 
and 1 (xg/ml) compared with the results obtained for the tubes 
without added PMNs. There was negligible killing mediated by 
antibody and complement alone (in the absence of PMNs). 
The difference in levels of killing between the IgGl and IgG3 
antibodies was not significantly different at the 95% level (anal- 
ysis of variance; Fisher probable least square difference). The 
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Antibody concentration (ng/ml) 



heavy-chain constant regions are all contained on an Nhel- 
BamHl fragment that can be switched without having to re- 
clone both variable regions into separate vectors containing 
the different heavy-chain constant regions. 

With regard to the function of these antibodies, the genetic 
manipulations involved in creating the human IgG chimeric 
antibodies apparently did not affect the binding to bacteria or 
constant-region function. However, others have noted differ- 
ences in antibody affinity after the genetic manipulations used 
to create chimeric antibodies. Zebedee et al. demonstrated 
that a chimeric IgGl antibody had a greater affinity for a 
cryptococcal polysaccharide antigen than did the parental mu- 
rine IgGl (18). On the other hand, another chimeric IgGl had 
a lower affinity compared to the parental murine IgM, which 
was not surprising due to loss of avidity in switching from IgM 
to IgG (18). 

Human IgG consists of four subclasses or isotypes, IgGl to 
IgG4, that differ in the effector functions that they mediate. 
The antibody isotype (Fc region) determines the ability of 
antibody-antigen complexes to direct immune responses by 
either activating the complement cascade or interacting with 




Antibody concentration (ng/ml) 

FIG. 1. ELISA reactivities of chimeric antibodies against serogroup 06 LPS 
(A) or wliole serogroup 06 bacteria (B). The irrelevant antibody is a human 
IgGl MAb of unlcnown specificity. Data points represent the mean of triplicate 
wells. Standard deviations for all triplicates were s5% of the mean values. 



levels of killing mediated by IgGl and IgG3 were significantly 
greater than those mediated by IgG2, IgG4, and IgA at the 
95% CI level. The negative control chimeric IgGl antibody did 
not mediate killing at either dose tested, while the parental 
murine IgG2b mediated killing at both doses but showed a 
decrease in killing at the l-fAg/ml dose. 

DISCUSSION 

We have described the creation of a set of variable-region- 
matched, isotype-switched chimeric mouse-human MAbs with 
specificity for P. aeruginosa serogroup 06 LPS. These variable 
regions are also identical in a series of isotype-switched murine 
MAbs (15) that have previously been shown to bind to five 
strains of P. aeruginosa expressing subtypes of serogroup 06 
LPS (10). Thus, these antibodies recognize an 06 serogroup- 
specific epitope, although the antigenic determinants on all 
subtypes are not bound equally well (15). The Ig expression 
vector used in the present studies allows for the convenient 
exchange of the Ig heavy-chain constant-region genes once the 
variable-region gene segments have been introduced. The 



A 



B 




Antibody concentration (^g/ml) 

FIG. 2. Complement deposition onto either purified serogroup 06 LPS (A) 
or whole serogroup 06 bacteria (B). C3 deposition was measured by ELISA with 
a rabbit anti-human C3 antiserum. Bound C3 was measured at the indicated 
concentration of the chimeric antibodies added to antigen-sensitized ELISA 
plates. Data points represent the mean of triplicate wells. Standard deviations for 
all triplicates were s5% of the mean values. 
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percentage reduction in CFU 

FIG. 3. Opsonophagocytic activity of the different chimeric MAb prepara- 
tions at the indicated antibody concentrations (legend), expressed as percent 
reduction in CFU with respect to identical tubes prepared with media added in 
place of PMNs. Bars represent the means, and error bars show the standard 
deviations. 



Fc receptors on phagocytic cells. With respect to complement 
activation, IgGl and IgG3 are usually considered the most 
effective, IgG2 is less effective, and IgG4 is unable to bind Clq 
and activate complement (5). The ability of IgG2 to opsonize 
bacteria by the classical pathway of complement activation has 
recently been demonstrated to be dependent on the surface 
density of the epitope to which the antibody is directed (1). 
IgG2 was an efficient mediator of complement activation when 
the epitope density was high but was much less effective when 
the epitope density was low (1). Among the chimeric antibod- 
ies described in this study, IgGl and IgG3 were efftcient acti- 
vators of complement whereas the activity of IgG2 was depen- 
dent on how the LPS was presented to the antibody. IgG2 
showed good complement-activating ability when the LPS was 
presented on whole bacteria but was still less active than IgGl 
and IgG3. However, when purified LPS alone was presented, 
the activity of IgG2 was weak. It appears that purified LPS O 
side chain antigens are not presented in the same way as when 
they are expressed on the bacteria. It could also be that the 
spacing of the purified LPS on ELISA plates is different, prob- 
ably farther apart. These data are in accord with previous 
findings of Pollack et al., who demonstrated that the parental 
murine antibody to the chimeric antibodies described in this 
report recognized O-side chain antigens better on whole bac- 
teria than on purified LPS as assessed by Western blot analysis 
(15). 

When the opsonophagocytic activities of the chimeric anti- 
bodies were evaluated, IgGl and IgG3 were clearly more ac- 
tive than the other IgG subclasses or IgA in mediating killing 
of this strain of bacteria. Nonetheless, the other IgG subclasses 
and IgA mediated a low but statistically significant level of 
killing. Whether these levels of killing in vitro will translate 
into protective immunity in vivo is currently under investiga- 
tion. The low opsonophagocytic activity of the chimeric IgG2 
antibody was surprising in light of the complement deposition 
data. These differences could be attributed to the differences in 
antibody-to-bacterium ratios in the ELISA and the phagocytic 
assay. It is hard to determine precisely how many bacteria are 
bound to the ELISA wells, and therefore there may have been 
a much higher antibody-to-bacterium ratio than in the phago- 
cytic assay. Pollack et al. reported that a human IgG2 MAb 
against serogroup 06 LPS had high levels of opsonic activity in 
the presence of complement against a serogroup 06-express- 



ing P. aeruginosa strain (16). It is likely that either this strain 
expressed higher levels of the epitope to which the MAb bound 
or the antibody was of higher affinity than the one reported here. 

Antibody affinity also appears to play a significant role in the 
opsonic and protective activity of P. aeruginosa LPS-specific 
antibodies. The frequency of infection in previously noncolo- 
nized cystic fibrosis patients receiving an octavalent O side 
chain conjugate vaccine was lower in patients who responded 
with high-affinity LPS-specific antibodies (9). Low-affinity an- 
tibodies have also been shown to interfere with phagocytosis of 
P. aeruginosa (6). Serogroup 06 has five subtypes, to which the 
parental murine MAb reacts differently (15). Comparative op- 
sonic activity against strains expressing these LPS subtypes is 
being investigated, and preliminary data indicate that the IgG2 
chimeric antibody has strong opsonic activity against one of the 
subtypes for which it also has a higher affinity. 

One problem that has plagued the development of LPS- 
specific immunotherapies is the difficulty in making generali- 
zations about the protective efficacy of IgG subclasses that 
apply to all clinical isolates. Factors such as subtle differences 
in the LPS structure can affect antibody binding and affinity, 
potentially resulting in different protective efficacies of anti- 
bodies of the same isotype. We have previously pointed out (8) 
the need to evaluate immunotherapeutic agents against a va- 
riety of clinical isolates. Creation and evaluation of the IgG 
subclass and IgA idiotype-matched, chimeric antibodies will 
allow us to elucidate the complexity of the interactions of P. 
aeruginosa and antibodies. 
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The heavy- and light-chain variable regions from a murine monoclonal antibody that recognize Pseudomonas 
aeruginosa serogroup 06 lipopolysaccharide (LPS) were used to generate a series of chimeric mouse-human 
monoclonal antibodies with identical variable regions. The murine variable-region gene segments were cloned 
into an immunoglobulin (Ig) cDNA expression vector that contained the human kappa light-chain and IgGl 
constant regions. The IgGl heavy-chain constant region was then replaced with the human IgG2, IgG3, IgG4, 

or IgAl heavy-chain constant region. The five different expression vectors were transfected into Chinese o 

hamster ovary cells for antibody production. The chimeric antibodies exhibited immunoreactivity and affinity 1 

similar to that of the parental murine IgG antibody toward whole cells of a serogroup 06 strain. In vitro g 

complement deposition assays demonstrated that the chimeric IgG4 and IgA antibodies did not mediate the % 

deposition of complement component C3 onto the surface of either purified LPS or whole bacteria. The ^ 

chimeric IgGl and IgG3 antibodies were similar in their ability to deposit C3 onto the surface of both bacteria | 

and LPS, while IgG2 antibody was more effective at depositing C3 onto the surface of bacteria than onto ^ 

purified LPS. The pattern of opsonophagocytic activity of the chimeric monoclonal antibodies was similar to p 

that of complement deposition onto bacterial cells in that the chimeric IgGl and IgG3 had the highest opsonic 3 

activity. Although IgG2 deposited more C3 onto the bacterial surface than did IgG4 or IgA, all three of these j 
isotypes had low opsonic activity against the serogroup 06 target strain. This series of related antibodies will 

help reveal functional differences in efficacy among protective antibodies to P. aeruginosa and will be critical for □ 

defining the optimal formulation of either a vaccine for active immunization or a polyclonal intravenous IgG ^ 

or monoclonal antibody cocktail for passive immunotherapy. a 

I 

The difficulty of treating acute infections due to Pseudomo- effective in protecting against P. aeruginosa infections are not u 
nas aeruginosa has been amply documented (11, 12). Despite well defined. The capacity to produce genetically engineered g 
the advent of new antibiotics and therapies for infection, the antibodies has improved the ability to investigate antibody ^ 
efficacy of anti-pseudomonal therapy has appeared to reach its function in vivo and in vitro and to define the antibody isotypes 
limit with currently available treatments (7, 11, 12). Overall, a that are potentially the most useful for therapy of infections in 
major need for effective immunotherapeutic reagents to pre- humans. This report describes the construction and character- 
vent or treat disease in patients at risk for these infections is ization of a set of chimeric mouse-human monoclonal antibod- 
apparent. Prophylactic or therapeutic immune system effectors ies (MAbs) which have identical variable regions with specific- 
could greatly reduce the morbidity and mortality from P. ity for P. aeruginosa serogroup 06 lipopolysaccharide (LPS) 
aeruginosa infection. While active immunization of most pa- and which differ in the human heavy-chain constant regions, 
tients at risk for acute P. aeruginosa infection is unlikely to be These reagents were used to investigate some of the mecha- 
practical due to the inability to identify these individuals early nisms of antibody-mediated protective immunity against P. 
enough to immunize them, passive therapies, involving both aeruginosa. 
prophylactic and therapeutic treatment, present a real oppor- 
tunity to intervene in the P. aeruginosa pathogenic process. MATERIALS AND METHODS 

There are still many unanswered questions about the man- 
ner in which antibody mediates protective immunity against P ^"^"""^ yariable-region genes and Ig expression vector. The heavy- and light- 
. . ^. •' J , ^ ■ 1 r J- r chain vanable regions used in the present studies were derived from MAbs, lEl 
aeruginosa mfections and the potential of antibodies for use as (igci) and 2E12 (IgG3), respectively. These MAbs, specific for p. aeruginosa 
prophylactic or therapeutic treatment of these infections. In serogroup 06 LPS, were both derived by isotype switching a murine IgM MAb, 

addition to the specificity of the antibody variable regions for if6, specific to serogroup 06 LPS. MAbs lEi and 2E12 have identical heavy- 
an appropriate P aeruginosa epitope, the biologic activities and light-chain variable regions as determ 

K^^ ^ ^, „° ^ r \., J. ,L , , from mRNA obtained from these hybndomas (15). These particular heavy- and 

associated Wlttl ttie tC portion OI antibodies that are most Ught-chain clones, used as templates for PGR mutagenesis to incorporate re- 
striction sites for cloning into the TCAE 5.3 vector, were chosen at random from 
clones that had no PCR-induced mutations in them. The human Ig expression 

— -— -. • T i_ vector TCAE 5.3 has been described previously (17). TCAE 5.3 contains the 

Corresponding author. Mailing address: Channing Laboratory, human IgGl heavy-chain and kappa light-chain constant region genes on the 
181 Longwood Ave., Boston, MA 02115. Phone: (617) 525-2152. Fax: same plasmid, so that sequential transfections of heavy- and light-chain-contain- 
(617) 731-1541. E-mail: mpreston@channing.harvard.edu. ing plasmids with different selection markers can be avoided. The vector also has 
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TABLE 1. Primers used in this study 



Sequence" 



V heavy 

V heavy 

V kappa 

V Icappa se 
Hu IgG2,3 
Hu IgG4 
Hu IgG2,3,4 
Hu IgAl 
HuIgAl 



....5'-AGCGCTAGCTGAGGAGACGGTGAC-3' 
Nhel 

....5'-GAAACGCGTGTCCACTCCCAGGTCCAGCTGCAG-3' 
Mlul 

....5'-ACTCGTACGTTTTATTTCCAACTTTGTCCCC-3' 
Bsim 

....5'-GACCACGATGTGATGTTGTGATGACCCAA-3' 
Drain 

....5'-GGACGGATCCrC4TTTACCCGGAGACAGGGAGAG-3' 
Bamm 

....5'-GGACGGATCCrC4TrTACCCAGAGACAGGGAGAG-3' 
Bamm 

....5'-CTGCTAGCCACCAAGGGCCCATCSGTCTTC-3' S=C/G 
Nhel 

....5'-CGAGGATCCrC4GTAGCAGGTGCCGTCCAC-3' 
Bamm 

,...5'-CTAAGCTAGCCCGACCAGCCCCAAGGTC-3' 
Nhel 



;e type. Termination codons are in italics. 



two drug resistance markers, neo and dhfr, for selection in mammalian cells, an 
Escherichia coU origin of replication, and an ampicillin resistance marker for 
replication in E. coli. Lastly, the inclusion of the dhfr gene in the vector allows 
amplification of the cloned Ig genes and subsequent high-level antibody produc- 
tion after transfection into CHO DG44 cells (gift of L Chasin, Columbia Uni- 
versity), which have a deletion of both chromosomal copies of the dhfr gene (17). 
When transfected cells are grown in the presence of methotrexate, the dhfr gene 
and those surrounding it are duplicated on the chromosome, resulting in multiple 
copies of the genes encoding the MAbs. 

Cloning of human IgG2, IgG3, IgG4, and IgAl constant-region cDNAs. Hu- 
man Ig heavy-chain constant-region expression vectors were provided by Sherrie 
Morrison (University of California Los Angeles). Plasmids pAH4618, pAH4802, 
and pAH4801 contained genomic clones of the human IgG2, IgG3, and IgG4 
heavy-chain constant-region genes, respectively, and lacked variable-region 
genes. To obtain cDNA clones of these constant-region genes, the heavy-chain 
variable-region gene segment from the murine hybridoma 9/5)23 was inserted in 
front of the heavy-chain constant regions as described by Coloma et al. (4) to 
allow expression of these constructs in lymphoid cells. These constructs were 
electroporated into murine SP2/0 cells, drug-resistant clones were selected, and 
mRNA was purified from these cells. First-strand cDNA was synthesized with 
oligo(dT) primers and avian myeloblastosis virus reverse transcriptase. The 
heavy-chain constant-region cDNAs were amplified by PCR with primers that 
hybridized to the 3' end of the heavy-chain constant region (Hu IgG2,3 antisense 
and Hu IgG4 antisense [listed in Table 1]) and incorporated a termination codon 
and a BamRl site for cloning into the TCAE 5.3 vector. The 5' primer used for 
all three human IgG constant regions incorporated an Nhel site in the first two 
amino acids of the IgG constant regions (Hu IgG2,3,4 sense [Table 1]). The 
resulting PCR products were ligated mto the TA cloning vector pCRII (InVitro- 
gen, San Diego, Calif.), and the DNA was transformed into E. coli INVaf 
competent cells for clonmg. Plasmid DNA from the resulting colonies was ana- 
lyzed by restriction digestion followed by agarose gel electrophoresis. Plasmids 
carrying inserts of the correct size were sequenced to ensure that no mutations 
occurred during PCR amplification. 

The human IgAl cDNA expression vector for expression in insect cells was 
provided by J. Donald Capra, University of Texas, Southwestern, Dallas, Tex. 
(3). To facilitate cloning into the TCAE 5.3 vector, the IgAl cDNA was amplified 
by PCR with the primer set listed in Table 1, which incorporated a termination 
codon and a BamHl site at the 3' end and an Nhel site in the first 6 bases of the 
5' end of the CHI domain. The PCR products were ligated as described above 
and amplified in E. coli, and plasmids containing the PCR products were se- 
quenced to ensure that no mutations occurred during amplification. 

Construction of the chimeric antl-LPS Ig expression vectors. The cloned 
heavy- and light-chain variable-region cDNAs derived from the hybridomas as 
described above were used as templates for PCR with primers (Table 1) that 
incorporate restriction sites for ligation into the TCAE 5.3 Ig expression vector 
in the correct reading frame. The PCR products were first ligated mto pCRII, 
cloned in E. coli, and sequenced again to ensure that no mutations occurred 
during introduction of the new restriction sites. The light- and heavy-chain 
variable-region products were cloned into the jDralll and BsjWI (kappa light- 
chain) and Mlul and Nhel (gamma 1 heavy-chain) sites of the Ig expression 
vector, respectively. The resulting completed expression vector was named pMPl 
(IgGl). 

Exchanging the IgGl constant-region gene of pMPl with IgG2, IgG3, IgG4, or 
IgA constant-region genes. pMPl was digested with Nhel and BamHI to remove 



the human gamma 1 constant region. The plasmids containing the other con- q 
stant-region genes were digested with the same enzymes. The products were g 
separated by agarose gel electrophoresis. The band containing the expression 1 
vector portion of the pMPl digest was cut from the gel and eluted, as were the o 
bands containing the heavy-chain constant-region genes from the other digests, a. 
The vector and the IgG2, IgG3, IgG4, and IgA constant-region genes were then S. 
ligated in separate reactions and transformed into E. coli, and the resulting 
plasmids were analyzed by agarose gel electrophoresis to determine that the g 
plasmid DNA contained the appropriately sized restriction fragments that dis- -j. 
tinguish the different heavy-chain constant-region genes. r- 

Transfection of CHO cells for expression of the chimeric antibodies and ui 
selection of antibody-producing clones. Plasmids pMPl (IgGl), pMP2 (IgG2), 3 
pMP3 (IgG3), pMP4 (IgG4), and pMPA (IgAl) were separately introduced into R 
Chinese hamster ovary (CHO) cells (DG44) by DNA-liposome-mediated trans- 
fection. Briefly, 2 |xg of plasmid DNA was muted with 8 (il of Lipofectamine •< 
(Gibco, Gaithersberg, Md.) in a final volume of 1 ml of serum-free medium. The § 
transfection mixture was allowed to incubate for 5 h at 37°C. The cells were q 
washed, fresh medium was added, and the cells were incubated for 48 h. The cells Q 
were harvested, resuspended in medium contataing G418 (400 ng/ml; Gibco), g. 
and plated at different dilutions in 96-well plates. Plates on which colonies grew S5 
out in wells at a frequency of <30 positive wells per 96 wells (limiting dilution) ro 
were then selected for evaluation of chimeric-antibody production. Chimeric- - 
antibody production by cells grown under antibiotic selection was measured by ^ 
enzyme-linked immunosorbent assay (ELISA). Plates (Immulon II; Dynatech, ^ 
Chantilly, Va.) were coated with either 2 \i% of goat anti-human IgG (Fc-y 
specific) antibodies/ml or 2 jig of goat anti-human IgA (Fca specific) antibodies/ 
ml, and binding of MAbs in culture supematants was detected with an alkaline 
phosphatase-conjugated goat anti-human kappa-light-chain-specific antibody 
(Sigma Chemical Co., St. Louis, Mo.). Confirmation that mdividual clones were 
producing IgG isotypes of the desired specificity was obtained by ELISA with 
murine MAbs specific for human IgGl, IgG2, IgG3, or IgG4 as described below. 
From these evaluations, the clones producing the largest amount of antibody 
were selected and replated in 96-well plates in the presence of 5 nM methotrex- 
ate (Sigma) to induce amplification of dhfr and the Ig genes. The highest pro- 
ducing clones were selected, and the process was repeated with 50 nM and 250 
nM methotrexate. The resulting clones were then expanded for antibody pro- 
duction, maintaining antibiotic selection in 250 nM methotrexate. 

Purification of chimeric antibodies. Chimeric IgG antibodies were purified 
from tissue culture supematants by protein G affinity chromatography. This 
support binds to all four human IgG subclasses. Chimeric IgA was purified by 
affinity chromatography with solid supports containing the lectin Jacalin. 

Serologic assays. Chimeric-antibody production was assessed by ELISA with 
Immulon II plates coated with 2 p,g of goat anti-human IgG (Fc-y-specific) 
antibodies/ml or 2 p,g of goat anti-human IgA (Fca-specific) antibodies/ml and 
detected with an alkalme phosphatase-conjugated goat anti-human kappa-light- 
cham-specific antibody. The concentrations of the chimeric MAbs were deter- 
mined by an antigen capture ELISA with purified human IgGlK, IgG2K, IgG3K, 
and IgG4K myeloma proteins and serum IgAK antibodies of knovm concentra- 
tions as standards (Sigma). 

Direct ELISA was used to confirm the isotype of the chimeric MAbs. Chimeric 
antibodies (2 |xg/ml) were used to directly sensitize plates after dilution in 0.02 
M phosphate buffer (pH 7.0). Chimeric IgG antibodies were detected with MAbs 
to subclass-specific epitopes (HP6001, anti-IgGl; HP6014, anti-IgG2; HP6058, 
anti-IgG3; and HP6025, anti-IgG4 [Sigma]) followed by alkaline phosphatase- 
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conjugated anti-mouse IgG antibodies. Tlie IgA was detected witli an allcaline 
pliosphatase-conjugated anti-liuman IgA antiserum. 

Inhibition and competition ELISAs. Immulon II ELISA plates were sensitized 
with purified P. aeruginosa serogroup 06 LPS at 2 |xg/ml in 0.02 M phospliate 
coating buffer (0.02 M pliosphate buffer [pH 7.0] containing 0.02% sodium azide) 
by overniglit incubation at 4°C. Tiie plates were washed three times in 0.02 M 
sodium phosphate-buffered saline (PBS) with 0.05% Tween 20 (PBS-T). The 
remaining binding sites on the plates were blocked by incubation with PBS with 
1% bovine serum albumin by overnight incubation at 4°C. Chimeric antibodies 
(500 ng/ml) were mixed 1:1 with twice the indicated amounts of LPS for a final 
antibody concentration of 250 ng/ml and added to the plates. The plates were 
incubated for 2 h at room temperature. Bound antibody was detected with an 
alkaline phosphatase-conjugated goat anti-human IgG (Fc-y-specific) antibody. 
SimUarly, ELISA plates were sensitized by overnight incubation at 4°C with 
serogroup 06 bacteria that were suspended after overnight growth on a Ttypti- 
case soy agar plate (BEL, Cockeysville, Md.) in phosphate coating buffer to an 
optical density (OD) of 0.1 at 650 nm. The plates were washed and blocked as 
described above for purified LPS. For the competition ELISA, bacteria were 
suspended in sterile 1% proteose peptone to an OD of 1.8 at 650 nm and diluted 
as indicated in antibody dilution buffer (PBS-T with 1% bovine serum albumin 
and 0.02% sodium azide). The original suspension was diluted and plated to 
determine the actual number of viable bacteria. The diluted bacteria were muted 
1:1 with the chimeric antibodies (final concentration, 250 ng/ml) and incubated 
overnight. The bacteria and bound antibody were removed by centrifugation, the 
supernatant was added to the ELISA plates, and the assay proceeded as de- 
scribed above. 

Complement deposition ELISA. Immulon 11 ELISA plates were sensitized 
with purified P. aeruginosa serogroup 06 LPS at a concentration of 10 |xg/ml in 
0.02 M phosphate coating buffer (pH 7.0). A second set of ELISA plates were 
coated with whole serogroup 06 bacteria in phosphate coating buffer. The 
bacteria were swabbed from an overnight Trypticase soy agar plate and sus- 
pended in coating buffer to an OD at 650 nm of 1.0, and this suspension was 
diluted 1:10 in phosphate coating buffer before being added to the plates. The 
chimeric antibodies were added to the plates at the indicated concentration and 
incubated for 1 h. Normal human serum was used as the complement source. The 
human serum was diluted 1:50 in RPMI 1640 medium and absorbed with lyoph- 
ilized serogroup 06 bacteria at 1 mg/ml to remove endogenous antibodies before 
being added to the antibody-sensitized wells. After 15 min of incubation, the 
plates were washed and polyclonal rabbit anti-human C3 antiserum was added at 
a final dilution of 1:500. The rabbit antibodies to C3 were raised to affinity- 
purified human C3 as described previously (13). The rabbit antibodies bound to 
C3 were detected with an alkaline phosphatase-conjugated goat anti-rabbit IgG 
diluted 1:2,000. The OD405 was measured after incubation for 45 min at room 
temperature. 

Opsonophagocytic killing assay. The ability of the chimeric MAbs to mediate 
opsonophagocytic killing was determined as previously described (2), except that 
all reagents were diluted to their final concentration in RPMI 1640 medium with 
10% heat-inactivated fetal bovine serum. Fresh human serum was used as a 
complement source at a final dilution of 1:10 after absorption for 30 min on ice 
with the test organism to remove the preexisting P. aeraginora-specific antibod- 
ies. Opsonophagocytic killing assay was performed by mixing 100 (il of bacteria 
at 2 X 10' bacteria/ml, 100 (il of the different dilutions of MAb, 100 \d of purified 
fresh human polymorphonuclear leukocytes (PMNs) at 2 X 10' cells/ml as a 
source of phagocytic cells, and 100 n.1 of absorbed serum as a complement 
source. Duplicate tubes were used for each assay condition. Control tubes were 
included in each assay in which PMNs were omitted and replaced by media as 
described previously (15). The parental murine IgG2b MAb (2H3) and a chi- 
meric, mucoid exopolysaccharide-specific antibody derived from 9/5)23 hybrid- 
oma (14) were used as positive and negative controls, respectively. Duplicate 
reaction mixtures were then incubated on a rotorack for 60 min at 37°C. Aliquots 
were removed from each tube, serially diluted in sterile 1% proteose peptone 
solution, and plated in quadruplicate on MacConkey agar plates. The plates were 
incubated overnight, and the colonies were counted. The percent reduction in 
CFU relative to that in assay tubes without added PMNs was calculated as 
follows: [(CFU surviving in the absence of PMNs - CFU surviving in samples 
with PMNs)/CFU surviving in absence of PMNs] X 100. 

Statistical analysis. The concentration of LPS or bacteria that reduced anti- 
body binding by 50% (Inhjo) in either the inhibition or the competition ELISA, 
along with associated confidence intervals (CI), was calculated by sunple regres- 
sion analysis. The confidence intervals were determined to be equivalent \aP s, 
0.05 by using the Bonferroni correction for multiple comparisons. Calculations 
were carried out with Statview vl.02 software (Abacus, Berkeley, Calif.) on a 



RESULTS 

Construction and expression of tlie chimeric anti-LPS an- 
tibodies. The heavy- and hght-chain variable regions used to 
construct the chimeric antibodies were cloned from murine 
hybridoma cell lines lEl (IgGl) and 2E12 (IgG3), respectively 



(15). These cell lines, derived by isotype switching of a murine 
IgM MAb, have identical variable regions specific for P. aerugi- 
nosa serogroup 06 LPS and have been described previously 
(15). ELISA analysis with MAbs specific for each of the human 
IgG subclasses or human IgA-specific antiserum demonstrated 
that the chimeric antibodies expressed the appropriate heavy- 
chain constant-region immunoreactivity (data not shown). Be- 
cause the CHO cells producing the antibody do not synthesize 
the J chain component of IgM and IgA, the chimeric IgA 
molecules are monomeric. Sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis analysis of the affinity-purified chi- 
meric antibodies revealed bands of the appropriate sizes as 
deduced from the cDNA sequence for the chimeric kappa and 
heavy chains (data not shown). 

Immunoreactivity of the chimeric antibodies. Binding activ- 
ity of the chimeric antibodies was assessed by ELISA on plates 
coated with serogroup 06 bacteria or purified LPS. Negative 
controls included wells coated with either serogroup 05 bac- 
teria or purified serogroup 05 LPS. The chimeric antibodies 
exhibited ELISA reactivity with purified P. aeruginosa sero- 
group 06 whole bacteria that was similar to that previously 
reported for the parental murine IgG MAbs (Fig. 1) (15). To 
evaluate whether the genetic manipulations involved in creat- 
ing the chimeric antibodies altered the affinity of the variable §" 
regions for antigen, inhibition ELISAs were done with purified | 
serogroup 06 LPS as the competitive inhibitor of antibody to o 
serogroup 06 LPS bound to the plates. There was no alter- g- 
ation in the relative affinity of the chimeric IgG antibodies as 2: 
judged by the similar Inhso of LPS for the chimeric IgG anti- | 
bodies and one of the parental murine IgG MAbs (2H3). The -■ 
Inhjo for the parental murine IgG was 143 ng/ml (95% CI ^' 
corrected for multiple comparisons = 45 to 450 ng/ml). The | 
InhjQ for the chimeric IgG antibodies were as follows: human b 
IgGl, 171 ng/ml; IgG2, 149 ng/ml; IgG3, 167 ng/ml; IgG4, 337 f 
ng/ml; and IgA, 272 ng/ml. These values were all within the 
95% CI of the parental murine IgG MAb and thus were not = 
significantly different from the murine antibody. When the P 
relative affinities of the chimeric IgG and IgA antibodies were % 
measured against whole bacteria, there were also no significant ^ 
differences from the parental murine IgG. The InhgQ for the w 
bacterial competition ELISA were as follows: murine IgG2b, g 
1 X lO'' CFU (95% CI corrected for multiple comparisons = ° 
1.5 X 10* to 6.6 X lO'^ CFU); human IgGl, 5.0 X 10* CFU; 
IgG2, 4.8 X 10* CFU; IgG3, 2.7 X 10^ CFU; IgG4, 4.3 X 10*; 
and IgA, 2.2 X 10^ CFU. 

Complement deposition. The ability of the chimeric antibod- 
ies to activate complement and deposit C3 onto the bacterial 
surface or onto purified LPS was measured. The chimeric IgGl 
and IgG3 were similar in their ability to deposit C3 onto the 
surface of both bacteria and LPS, while the IgG2 antibody was 
somewhat less effective at depositing C3 onto the surface of 
bacteria and considerably less effective when assayed on puri- 
fied LPS (Fig. 2). The chimeric IgG4 and IgA antibodies did 
not mediate the deposition of C3 onto the surface of either 
purified LPS or whole bacteria (Fig. 2). 

Opsonophagocytic Idlling. The ability of each MAb prepa- 
ration to mediate in vitro opsonophagocytic killing of sero- 
group 06 bacteria in the presence of PMNs and complement 
is shown in Fig. 3. The chimeric IgGl and IgG3 MAbs medi- 
ated a high level of killing at both antibody doses tested (10 
and 1 M-g/ml) compared with the results obtained for the tubes 
without added PMNs. There was negligible killing mediated by 
antibody and complement alone (in the absence of PMNs). 
The difference in levels of killing between the IgGl and IgG3 
antibodies was not significantly different at the 95% level (anal- 
ysis of variance; Fisher probable least square difference). The 
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heavy-chain constant regions are all contained on an Nhel- 
BamHI fragment that can be switched without having to re- 
clone both variable regions into separate vectors containing 
the different heavy-chain constant regions. 

With regard to the function of these antibodies, the genetic 
manipulations involved in creating the human IgG chimeric 
antibodies apparently did not affect the binding to bacteria or 
constant-region function. However, others have noted differ- 
ences in antibody affinity after the genetic manipulations used 
to create chimeric antibodies. Zebedee et al. demonstrated 
that a chimeric IgGl antibody had a greater affinity for a 
cryptococcal polysaccharide antigen than did the parental mu- 
rine IgGl (18). On the other hand, another chimeric IgGl had 
a lower affinity compared to the parental murine IgM, which 
was not surprising due to loss of avidity in switching from IgM 
to IgG (18). 

Human IgG consists of four subclasses or isotypes, IgGl to 
IgG4, that differ in the effector functions that they mediate. 
The antibody isotype (Fc region) determines the ability of 
antibody-antigen complexes to direct immune responses by 
either activating the complement cascade or interacting with 




. 1. ELISA reactivities of chimeric antibodies against serogroup 06 LPS 
whole serogroup 06 bacteria (B). The irrelevant antibody is a human 
IgGl MAb of unknown specificity. Data points represent the mean of triplicate 
" " is for all triplicates were £5% of the mean values. 




levels of killing mediated by IgGl and IgG3 were significantly 
greater than those mediated by IgG2, IgG4, and IgA at the 
95% CI level. The negative control chimeric IgGl antibody did 
not mediate killing at either dose tested, while the parental 
murine IgG2b mediated killing at both doses but showed a 
decrease in killing at the l-jjig/ml dose. 

DISCUSSION 

We have described the creation of a set of variable-region- 
matched, isotype-switched chimeric mouse-human MAbs with 
specificity for P. aeruginosa serogroup 06 LPS. These variable 
regions are also identical in a seties of isotype-switched murine 
MAbs (15) that have previously been shown to bind to five 
strains of P. aeruginosa expressing subtypes of serogroup 06 
LPS (10). Thus, these antibodies recognize an 06 serogroup- 
specific epitope, although the antigenic determinants on all 
subtypes are not bound equally well (15). The Ig expression 
vector used in the present studies allows for the convenient 
exchange of the Ig heavy-chain constant-region genes once the 
variable-region gene segments have been introduced. The 




Antibody concentration (|ig/ml) 



FIG. 2. Complement deposition onto either purified serogroup 06 LPS (A) 
or whole serogroup 06 bacteria (B). C3 deposition was measured by ELISA with 
a rabbit anti-human C3 antiserum. Bound C3 was measured at the indicated 
concentration of the chimeric antibodies added to antigen-sensitized ELISA 
plates. Data points represent the mean of triplicate wells. Standard deviations for 
all triplicates were ^5% of the mean values. 
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percentage reduction in CFU 

FIG. 3. Opsonophagocytic activity of tlie different cliimeric MAb prepara- 
tions at tlie indicated antibody concentrations (legend), expressed as percent 
reduction in CFU with respect to identical tubes prepared with media added in 
place of PMNs. Bars represent the means, and error bars show the standard 
deviations. 



Fc receptors on phagocytic cells. With respect to complement 
activation, IgGl and IgG3 are usually considered the most 
effective, IgG2 is less effective, and IgG4 is unable to bind Clq 
and activate complement (5). The ability of IgG2 to opsonize 
bacteria by the classical pathway of complement activation has 
recently been demonstrated to be dependent on the surface 
density of the epitope to which the antibody is directed (1). 
IgG2 was an efficient mediator of complement activation when 
the epitope density was high but was much less effective when 
the epitope density was low (1). Among the chimeric antibod- 
ies described in this study, IgGl and IgG3 were efficient acti- 
vators of complement whereas the activity of IgG2 was depen- 
dent on how the LPS was presented to the antibody. IgG2 
showed good complement-activating ability when the LPS was 
presented on whole bacteria but was still less active than IgGl 
and IgG3. However, when purified LPS alone was presented, 
the activity of IgG2 was weak. It appears that purified LPS O 
side chain antigens are not presented in the same way as when 
they are expressed on the bacteria. It could also be that the 
spacing of the purified LPS on ELISA plates is different, prob- 
ably farther apart. These data are in accord with previous 
findings of Pollack et al, who demonstrated that the parental 
murine antibody to the chimeric antibodies described in this 
report recognized O-side chain antigens better on whole bac- 
teria than on purified LPS as assessed by Western blot analysis 
(15). 

When the opsonophagocytic activities of the chimeric anti- 
bodies were evaluated, IgGl and IgG3 were clearly more ac- 
tive than the other IgG subclasses or IgA in mediating killing 
of this strain of bacteria. Nonetheless, the other IgG subclasses 
and IgA mediated a low but statistically significant level of 
killing. Whether these levels of killing in vitro will translate 
into protective immunity in vivo is currently under investiga- 
tion. The low opsonophagocytic activity of the chimeric IgG2 
antibody was surprising in light of the complement deposition 
data. These differences could be attributed to the differences in 
antibody-to-bacterium ratios in the ELISA and the phagocytic 
assay. It is hard to determine precisely how many bacteria are 
bound to the ELISA wells, and therefore there may have been 
a much higher antibody-to-bacterium ratio than in the phago- 
cytic assay. Pollack et al. reported that a human IgG2 MAb 
against serogroup 06 LPS had high levels of opsonic activity in 
the presence of complement against a serogroup 06-express- 



ing P. aeruginosa strain (16). It is likely that either this strain 
expressed higher levels of the epitope to which the MAb bound 
or the antibody was of higher affinity than the one reported here. 

Antibody affinity also appears to play a significant role in the 
opsonic and protective activity of P. aeruginosa LPS-specific 
antibodies. The frequency of infection in previously noncolo- 
nized cystic fibrosis patients receiving an octavalent O side 
chain conjugate vaccine was lower in patients who responded 
with high-affinity LPS-specific antibodies (9). Low-affinity an- 
tibodies have also been shown to interfere with phagocytosis of 
P. aeruginosa (6). Serogroup 06 has five subtypes, to which the 
parental murine MAb reacts differently (15). Comparative op- 
sonic activity against strains expressing these LPS subtypes is 
being investigated, and preliminary data indicate that the IgG2 
chimeric antibody has strong opsonic activity against one of the 
subtypes for which it also has a higher affinity. 

One problem that has plagued the development of LPS- 
specific immunotherapies is the difficulty in making generali- 
zations about the protective efficacy of IgG subclasses that 
apply to all clinical isolates. Factors such as subtle differences 
in the LPS structure can affect antibody binding and affinity, 
potentially resulting in different protective efficacies of anti- 
bodies of the same isotype. We have previously pointed out (8) 
the need to evaluate immunotherapeutic agents against a va- 
riety of clinical isolates. Creation and evaluation of the IgG | 
subclass and IgA idiotype-matched, chimeric antibodies will o 
allow us to elucidate the complexity of the interactions of P. g- 
aeruginosa and antibodies. ^ 

o 
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